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A B S T R A C T
Solvent extraction is a widely used separation technique in extractive metallurgy. A conventional solvent ex-
traction system consists of an aqueous phase and an immiscible organic phase. In this work, we show that
replacement of water by a polar organic solvent can lead to superior metal separations. Cobalt(II) and samarium
(III) chlorides dissolved in water and ethylene glycol (EG), respectively, with LiCl as chloride source, were
extracted by Aliquat 336 diluted in toluene. Both cobalt and samarium were extracted from the aqueous solu-
tions, but cobalt was extracted more eﬃciently from the ethylene glycol solutions than from the aqueous so-
lutions, whereas samarium was not extracted at all from the ethylene glycol solutions. As a result, cobalt and
samarium could be separated completely in a single extraction step from ethylene glycol solutions. The me-
chanisms of cobalt extraction by Aliquat 336 from the ethylene glycol and aqueous solutions were found to be
similar, as validated by slope analysis and UV–VIS absorption spectroscopy. Samarium was extracted from the
aqueous solution through the salting-out eﬀect of LiCl. Interestingly, LiCl has a much lower salting-out eﬀect for
samarium in ethylene glycol than in water due to the lower dielectric constant of ethylene glycol and the lower
solubility of LiCl in ethylene glycol. Consequently, samarium is not salted out from ethylene glycol, leading to a
very eﬃcient separation of cobalt and samarium. This separation eﬀect can also be applied to the separation of
other transition metal and rare-earth metal pairs, including iron/neodymium and zinc/europium.
1. Introduction
Solvent extraction (SX), also known as liquid-liquid extraction, is a
separation technique widely used for separation and puriﬁcation of
metals [1]. It is obvious from its name that solvent extraction consists of
two liquid phases. In general, one is an aqueous phase (more polar)
containing the metals to be separated and the other is an immiscible
organic phase (less polar) containing an extractant. In addition to the
extractant, the less polar phase can contain a variety of components [2]:
(1) a diluent is used to reduce the viscosity of the extractant and it has
also an eﬀect on the extraction eﬃciencies and hence on the selectivity
of the extraction process; (2) in some cases, modiﬁers are used to pre-
vent formation of a third phase; (3) a second and even a third extractant
can be added as synergists to enhance the selectivity. The complexes
formed by the metal cation and the extractant are hydrophobic and stay
in the less polar phase. Because of the presence of several components
in the less polar phase, extensive studies on various aspects of the less
polar phase of the solvent extraction systems have been performed. On
the other hand, only little attention has been paid to the other phase,
which by default is the aqueous phase.
However, the more polar phase does not necessarily need to be
water; any solvent pair that forms two immiscible phases can be used
for solvent extraction. There exist plenty of studies on liquid-liquid
equilibria of multiple non-electrolyte components not involving water
[3–8], but studies on solvent extraction of metals without an aqueous
phase are scarce. Larsen and Trevorrow developed a non-aqueous
system containing isoamyl ether and acetonitrile as two immiscible
phases and investigated the distributions of ZrCl4 and HfCl4 [9]. This
study is perhaps the ﬁrst example of a non-aqueous solvent extraction
system for metals reported in the literature. Latimer investigated the
distributions of a number of metal salts between diethyl ether and
ethanolamine, formamide and adiponitrile. Except for SnCl4 which
showed some preference for the ether phase, all other salts distributed
preferentially (> 90%) to the non-ether phase [10]. Florence and
Farrar studied the extraction of NiCl2 by Alamine 336 from both aqu-
eous solutions and methanolic solutions with assistance of halide salts.
It was found that the concentration of halide salt necessary for the
extraction of Ni(II) is much lower in the methanolic solution than in the
aqueous solution [11]. In a follow-up study, Mn(II), Cr(III) and Th(IV)
were also found to be more readily extracted from the methanolic
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solution by Alamine 336 than from the aqueous solution [12]. It was
proposed that water activity plays an important role in the extraction
because the conversion of the octahedral [Ni(H2O)6]2+ to the tetra-
hedral [NiCl4]2− is favored if the water activity is low. A low water
activity can be achieved by either using high chloride salt concentration
(which also raises the chloride activity) or using non-aqueous solvents.
Burns and Cattrall characterized the copper complexes in benzene
formed by the extraction of CuCl2 by bis(3,5,5-trimethylhexyl)ammo-
nium chloride from methanolic solutions containing LiCl [13]. Matasui
et al. studied the extraction of ZnCl2, ZnBr2 and CdBr2 by trioctylpho-
sphine oxide (TOPO) in toluene and from ethylene glycol, and the ex-
traction of ZnCl2 by TOPO in decaline from methanol-water mixtures
[14–16]. Recently, Batchu et al. studied the extraction of rare-earth
nitrates in a system consisting of Cyanex 923 in n-dodecane and ethy-
lene glycol with LiNO3. When compared to extraction from aqueous
solutions, the light rare-earth elements were less eﬃciently extracted
while the heavy rare-earth elements were more eﬃciently extracted,
and the separation factors between neighboring elements were higher
[17]. Extraction of rare-earth chlorides dissolved in ethylene glycol
(with LiCl) by Cyanex 923 also showed better performance than the
extraction from aqueous solutions [18]. Deep-eutectic solvents (DESs)
were investigated for replacement of water in solvent extraction.
Higher selectivities and extraction eﬃciencies than the analogous
aqueous system were observed for the recycling of used NdFeB magnets
in a solvent extraction system using DES as a polar solvent [19], while
the water content was found to signiﬁcantly aﬀect the extraction of
transition metals from the DES [20]. Besides interesting phenomena,
these studies also show that sometimes better separations can be ob-
tained using non-aqueous solvent extraction. Recently, the concept of
solvometallurgy, a metallurgical methodology complementary to hy-
drometallurgy and pyrometallurgy, was illustrated by Binnemans and
Jones, with non-aqueous solvent extraction being a key part of this
approach [21]. In solvometallurgy, the aqueous phase of a hydro-
metallurgical process is replaced by a non-aqueous phase. It must be
emphasized that “non-aqueous” does not mean “anhydrous”, but rather
having an organic solvent as the main component of the polar phase.
This is a good opportunity to pay more attention to the role of the more
polar phase in the solvent extraction process, which has largely been
overlooked so far. We can not only replace water by polar organic
solvents, but also add modiﬁers and synergists to the more polar phase,
thus to provide the solvent extraction systems with more ﬂexibility and
potentially higher selectivity.
In this paper, we show that a non-aqueous solvent extraction system
consisting of the basic extractant Aliquat 336 in toluene as the less polar
phase and ethylene glycol (EG) with LiCl as the more polar phase is
superior to the corresponding conventional solvent extraction system
with an aqueous phase for the separations of transition metals and rare-
earth elements. These separations are important for the recycling and
puriﬁcation of rare earths [22,23]. The extractant Aliquat 336 is often
used for extraction of both transition metals and rare earths, either in its
chloride form or nitrate form [24–29]. It is a mixture of tri-C8-10-al-
kylmethylammonium chloride with the C8 compound trioctylmethy-
lammonium chloride dominating. The structures of ethylene glycol and
the main component of Aliquat 336 are shown in Fig. 1.
2. Experiments
2.1. Chemicals
CoCl2·6H2O (analytical grade), FeCl3 (98%), EuCl3·6H2O (99.99%),
ethylene glycol (99.9%) and N,N-dimethylformamide (DMF, 99.5%)
were purchased from Acros Organics (Geel, Belgium); NiCl2·6H2O
(97%) and Ga standard (1000 ± 10mg/L) were purchased from Chem-
Lab (Zedelgem, Belgium); Aliquat® 336 (∼90%) and acetonitrile-d3
(99.9%) were obtained from Sigma−Aldrich (Diegem, Belgium); ZnCl2
(98%) was purchased from BDH Laboratory Supplier (Poole, UK);
LaCl3·7H2O (99.99%) was obtained from Alfa Aesar (Karlsruhe
Germany); ethanol (99.99%) and LiCl (analytical reagent grade) were
supplied by Fisher Chemical (Loughborough, UK); SmCl3·6H2O (99.9%)
and NdCl3·6H2O (99.9%) were obtained from Strem Chemicals
(Newburyport, USA); toluene (99.5%) was purchased from VWR
Chemicals (Fontenay-sous-Bois, France). A silicone solution in iso-
propanol for the treatment of the TXRF quartz glass carriers was ob-
tained from SERVA Electrophoresis GmbH (Heidelberg, Germany).
Milli-Q water (18.2MΩ cm at 25 °C) was used to prepare the aqueous
solutions. All chemical were used as received, without any further
puriﬁcation.
2.2. Experimental methods
2.2.1. Solubility experiments
Two sets of solubility experiments were conducted to investigate the
eﬀect of Aliquat 336 and LiCl, respectively, on the mutual solubility of
toluene and ethylene glycol (EG). LiCl was chosen as the salting-out
agent because it is the chloride salt with the highest solubility in EG. In
the ﬁrst set of experiments, 4.0 mL of toluene and 4.0 mL of EG were
equilibrated with each other, with addition of volumes of Aliquat 336
varying from 0mL to 8.0mL. After shaking for 20min at 450 rpm using
a Wrist-Action® Shaker (Burrell Scientiﬁc), samples were centrifuged at
3500 rpm for 5min. Samples in both phases were measured by 1H NMR
spectroscopy (400MHz), the composition of the samples was used to
calculate the mutual solubilities of the two solvents. In the second ex-
perimental set, 5 mL of 50 vol% Aliquat 336 in toluene was contacted
with 5mL of EG containing LiCl varying from 0 to 4.0M. The compo-
sitions of the toluene-rich phase was directly determined by 1H NMR,
while the EG phase was diluted by DMF, which was used as a reference
to determine the composition. Acetonitrile-d3 was used as solvent for all
the NMR measurements.
The solubility of CoCl2 in EG was determined. An aliquot of 4.0 g
CoCl2·6H2O was weighed in a 20mL glass vial and transformed to an-
hydrous CoCl2 by a heat gun. The loss of water was conﬁrmed by
weighing the dry CoCl2. A 3mL sample of EG was added to the dry
CoCl2 and shaken in a water bath at 25 °C for 12 h, followed by cen-
trifuging for 2min. The cobalt concentration in the saturated solution
was measured by TXRF. The experiment was carried out in triplicate.
2.2.2. Extraction
For the extraction isotherm, 1.0 M Aliquat 336 in toluene was pre-
equilibrated with water and EG, respectively, prior to extraction.
HO
OH
N
Cl-
Fig. 1. Structures of ethylene glycol (top) and the main component of Aliquat 336
(bottom).
Z. Li et al. Separation and Purification Technology 201 (2018) 318–326
319
Because of extraction of water and EG by Aliquat 336, the actual con-
centrations were about 0.89M and 0.75M, respectively. The aqueous
and the EG solutions containing 5.0 g/L Co(II), 1.5 g/L Sm(III) and
various concentrations of LiCl were prepared from stock solutions,
which were made by dissolving chloride salts in the corresponding
solvents. For the solvent extraction from the aqueous solutions, 5 mL of
each phase was equilibrated with each other in a 15mL centrifuge tube
by shaking at 450 rpm in a Wrist-Action® Shaker for 20min, followed
by centrifugation at 3500 rpm for 5min, although the phase separation
was also quite fast by gravity settling. To equalize the amount of the
Aliquat 336 for the aqueous solvent extraction and the non-aqueous
solvent extraction, a phase ratio of 1.18:1 (5.9 mL:5.0 mL) was used for
the extraction from the EG solution. Here the phase ratio means the
ratio of the volume of the less polar phase to the volume of the more
polar phase. For the studies on the eﬀect of Aliquat 336 concentrations,
a phase ratio of 1:1 (5.0 mL for each phase) was used. The procedures
were the same for all the solvent extraction experiments, as described
for the aqueous solvent extraction. All experiments were carried out at
room temperature.
The distribution ratio D, extraction percentage E% and separation
factor α are deﬁned in Eqs. (1)–(3).
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where clp and cmp, Vlp and Vmp are concentrations and volumes in the
less polar phase and the more polar phase, respectively; DA and DB are
the distribution ratios of metals A and B, respectively.
2.2.3. Stripping
5.0 g/L Co(II) and 1.5 g/L Sm(III) were loaded from the EG solution
with 3.0 M LiCl to the toluene phase (0.75M Aliquat 336). The loaded
phase was stripped by pure EG with phase ratios of 1:1 to 1:4. For the
case of phase ratio 1:1, a second stripping was also conducted with
fresh EG.
2.2.4. Kinetics
The less polar phase consisted of 0.40M Aliquat 336 in toluene and
was pre-equilibrated with EG and water, respectively. The EG feed so-
lution contained 6.0 g/L Co(II), 1.8 g/L Sm(III) and 3.5 M LiCl. The
aqueous feed solution contained 6.0 g/L Co(II), 1.8 g/L Sm(III) and
5.0 M LiCl. An aliquot of 50mL of the less polar phase was contacted
with 50mL of the EG solution or 50mL of the aqueous solution, in a
250mL beaker with magnetic stirring at 600 rpm. As soon as the two
phases had been contacted, the time measurement was started and a
0.2 mL sample of the top phase (toluene phase) was taken out con-
secutively at given time intervals and measured.
2.3. Instrumentation and analytical methods
1H NMR spectra were recorded on a Bruker Avance 400 spectro-
meter operating at 400MHz using acetonitrile-d3 as solvent for all the
samples. The metal concentrations in the less polar phase and the more
polar phase were determined by a total reﬂection X-ray ﬂuorescence
(TXRF) spectrometer (Bruker S2 Picofox) after the samples were diluted
in mixtures of ethanol and water to an appropriate concentration range
[30,31]. A standard gallium solution was added to the samples during
dilution as an internal standard. The UV–VIS absorption spectra were
recorded by a Varian Cary 5000 spectrophotometer with a pair of
quartz cuvettes of 10.0 mm path length. The water content was mea-
sured by a Karl Fischer Coulometer (Mettler-Toledo C30S).
3. Results and discussions
3.1. Solubility and viscosity
Toluene was found to be a good diluent for Aliquat 336, without
formation of an emulsion or a third phase. Besides being readily soluble
in toluene, Aliquat 336 is also miscible with EG. However, toluene and
EG are mutually immiscible. At room temperature, the solubility of
toluene in EG is about 25 g/L and the solubility of EG in toluene is as
low as 0.91 g/L, as estimated by 1H NMR spectroscopy. The con-
centration of Aliquat 336 in toluene largely aﬀects the phase equili-
brium. As shown in Fig. 2, upon addition of Aliquat 336 to the two-
phase system initially containing 4.0 mL of toluene and 4.0mL of EG,
respectively, the solubility of EG in the toluene phase increased from
0.91 g/L in the absence of Aliquat 336 to 288 g/L at 6.0mL of Aliquat
336 and the two phases merged into one phase at 8.0mL of Aliquat 336.
Interestingly, the amount of Aliquat 336 in EG remained constant at a
value of about 36 g/L. With the addition of LiCl to EG for systems
containing 5.0 mL of EG solution and 5.0mL of 50 vol% Aliquat 336 in
toluene, the solubility of EG in the toluene phase decreased from 268 g/
L at 0M LiCl to 142 g/L at 4.0M LiCl, which is a decrease of almost 50%
(Fig. 3). Similarly, the solubility of toluene and Aliquat 336 in the EG
solution also decreased, from 22.1 g/L and 42.2 g/L, respectively, at
0M LiCl to 4.6 g/L and 1.8 g/L at 3.5M LiCl, and further to 4.1 g/L and
1.5 g/L at 4.0 M LiCl (4.0M is the LiCl saturation concentration in EG at
room temperature). In this non-aqueous solvent extraction system, the
loss of toluene and Aliquat 336 to the EG phase is low at high LiCl
concentrations, but EG is quite soluble in the toluene phase when the
toluene phase contains high concentrations of Aliquat 336. Fortunately,
EG in the toluene phase does not show negative eﬀects on the extraction
and the role of the dissolved EG is similar to that of a diluent.
Fig. 2. Mutual solubility of toluene and EG with increasing Aliquat 336 concentration, at
room temperature: (a) EG in the toluene phase; (b) Aliquat 336 in the EG phase.
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The solubilities of SmCl3 and CoCl2 in water at room temperature
are 7.0mol/kg and 3.6mol/kg respectively [32,33]. The solubility of
SmCl3 in EG is 1.91mol/kg [34]. The solubility of CoCl2 in EG at room
temperature was measured to be 1.79mol/kg. This shows that both
SmCl3 and CoCl2 are readily soluble in both water and EG.
The viscosity of EG at 25 °C is 18mPa·s and increases to 53mPa·s at
2.0 M LiCl and reaches a value of 211mPa·s at 4.0 M LiCl [18]. On the
other hand, the viscosity of an aqueous LiCl solution is much lower:
pure water has a viscosity of 0.89mPa·s at 25 °C, while aqueous solu-
tions containing 1.0, 2.0 and 4.0M LiCl have viscosities of 1.1, 1.2 and
1.6 mPa·s, respectivly. A saturated aqueous LiCl solution (13.0 M) has a
viscosity of only 12.7 mPa·s [35].
3.2. Cobalt and samarium extraction isotherms
Isotherms of Co(II) and Sm(III) extraction by water-saturated
Aliquat 336 in toluene (initial Aliquat 336 concentration was 1.0M,
after water saturation it was about 0.89M) from aqueous solution with
a phase ratio of 1:1 are shown in Fig. 4. Extraction of both metals in-
creased with an increasing LiCl concentration. At 5.0M LiCl, 99.2% Co
(II) was extracted, while 21.3% Sm(III) was extracted, and the separa-
tion factor was 462. For LiCl concentrations> 6.0M, Co(II) extraction
was almost complete (> 99.8%), but much more Sm(III) was co-ex-
tracted. The maximum extraction of Sm(III) was 74.7% at 9.0M LiCl.
5.0 M LiCl is a proper condition for separation of Co(II) and Sm(III), but
multiple stages of scrubbing would be needed because of the high co-
extraction of the Sm(III).
Extraction of Co(II) and Sm(III) by Aliquat 336 in toluene (initial
Aliquat 336 concentration was 1.0 M, after EG saturation the con-
centration was about 0.75M) from the EG solution is very diﬀerent
from the aqueous system, as shown in Fig. 5. The extraction of Co(II)
increased with the increasing LiCl concentration. 98.9% Co(II) was
extracted at 3.0 M LiCl, which is comparable to the extraction of Co(II)
at 5.0M LiCl from the aqueous solution, indicating that less LiCl is
needed for Co(II) extraction from the EG solution due to the absence of
water. This phenomenon is similar to the extraction of Ni(II) by Ala-
mine 336 from a methanolic solution [11]. Almost quantitative ex-
traction of Co(II) (99.6%) was achieved at 3.5M LiCl, while 6.0 M LiCl
was required to achieve quantitative Co(II) extraction from the aqueous
solution. More importantly, Sm(III) was not extracted at all (below the
detection limit of TXRF (< 0.1 mg/L)) from the EG solutions. There-
fore, complete separation of Co(II) and Sm(III) can be achieved in a
single extraction step with LiCl concentrations ≥3.5M. SmCl3 in the
raﬃnate could not be precipitated by oxalic acid due to the high so-
lubility of samarium(III) oxalate in EG. This is opposite to aqueous
systems, where it is common practice to recover the rare earths from
solution by precipitation as their oxalates. However, SmCl3 can be ex-
tracted directly from the LiCl-containing EG solution by Cyanex 923
[18]. Then the LiCl-containing EG solution can be reused for a next
solvent extraction step. The SmCl3 can be stripped from the loaded
Cyanex 923 phase by water.
Fig. 6 shows a picture of the extraction systems after equilibration.
The two phases for both extraction systems were clear. No emulsion
was formed. The extraction of cobalt(II) from the aqueous solution with
3.0 M LiCl was about 73.9%, the remaining cobalt(II) was in the form of
[Co(H2O)6]2+ and showed a faint pink color. By contrast, the extraction
eﬃciency of cobalt(II) from the EG solution with 3.0M LiCl was over
99%. Therefore the lower EG phase was colorless because of the low
Fig. 3. Eﬀect of LiCl concentration on the mutual solubility, at room temperature: (a)
solubility of EG in the toluene phase; (b) solubility of toluene and Aliquat 336 in the EG
phase.
Fig. 4. Extraction of Co(II) and Sm(III) (5.0 g/L Co and 1.5 g/L Sm in water) by 0.89M
Aliquat 336 in toluene. The phase ratio was 5.0mL:5.0 mL.
Fig. 5. Extraction of Co(II) and Sm(III) (5.0 g/L Co and 1.5 g/L Sm in EG) by 0.75M
Aliquat 336 in toluene, phase ratio was 5.9 mL:5.0 mL.
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remaining cobalt concentration. The phase disengagement was fast for
both systems: clear interfaces were observed within about ﬁve minutes
after stopping shaking. The viscosity of the EG solution was higher than
that of the aqueous solution, but the density diﬀerence of the two
phases in the EG system was larger, and as a results, the phase disen-
gagement times of the two systems were comparable.
3.3. Extraction mechanism
Extraction of Co(II) by Aliquat 336 from an aqueous chloride solu-
tion has been proposed as an anion exchange reaction, as shown in eq
(4) [36]:
+ ⇆ +− −CoCl 2R RNCl (R RN) CoCl 2Cl42 3 ' 3 ' 2 4 (4)
The bar indicates the compounds in the toluene phase. The UV–VIS
absorption spectra of the loaded toluene phase in contact with the
aqueous solution and the EG solution were both measured. Three re-
presentative peaks for the tetrahedral [CoCl4]2− complex at wave-
lengths between 600 nm and 700 nm were clearly observed (Fig. 7),
indicating that extraction of Co(II) from the EG solution is similar to the
extraction from the aqueous solution.
Sm(III) does not form complexes with chloride ions in aqueous
solutions, even not at very high chloride concentrations, so that it
cannot be extracted by Aliquat 336 through an anion exchange me-
chanism. An Extended X-ray Absorption Fine Structure (EXAFS) study
has shown that Sm(III) stays in Aliquat 336 in the form of [Sm
(H2O)9]3+ [37]. Based on this result, we propose that Sm(III) is ex-
tracted by Aliquat 336 through a salting-out eﬀect. This is consistent
with the fact that more Sm(III) is extracted (salted-out) at higher LiCl
concentrations in the aqueous solution. Much earlier, Seeley and Crouse
investigated the extraction of 63 metals by amines with LiCl con-
centrations varying from 0.5 to 10M and they found that the extraction
of most metals from LiCl solutions was more eﬃcient than from HCl
solutions having the same total chloride concentration [38], indicating
the salting-out eﬀect of LiCl.
EXAFS studies for Nd(NO3)3 in EG have shown the coordination of
[Nd(H2O)6(EG)3]3+ (water is introduced by hydration of the neody-
mium nitrate) [17]. Whereas, YbCl3 in EG was reported to be [Yb(H2O)
(EG)4]3+ with four bidentate EG molecules. The diﬀerence between the
coordination structures of Nd(III) and Yb(III) in EG was attributed to
the diﬀerent water content involved in the extraction systems [18].
Considering the chemical similarities among Sm(III), Nd(III) and Yb
(III), both [Sm(H2O)6(EG)3]3+ and [Sm(H2O)(EG)4]3+ are possible for
Sm(III) in EG, depending on the water content. Sm(III) is not salted out
to the Aliquat 336/toluene phase for three reasons: (1) the dielectric
constant of EG (41 at 25 °C and 1× 105 Hz) is much lower than that of
water (78.2 at 25 °C and 1×105 Hz) [39], the lower dielectric constant
of EG weakens the dissociation of salts, leading to a lower electrical
conductivity and consequently a weaker salting-out eﬀect; (2) the
maximum concentration of LiCl used in EG for the non-aqueous solvent
extraction was 3.5 M, which might be too low to display any salting-out
eﬀect; (3) water-saturated Aliquat 336 (0.89M) solution contains about
12.4 wt% water as determined by Karl Fischer titration, which means
that this solution is more hydrophilic than the Aliquat 336 solution not
contacted with water, which contains only 1.7 wt% water. Solutions of
higher hydrophilicity are more capable to accommodate the hydrated
hydrophilic [Sm(H2O)9]3+ complex.
To understand the eﬀect of water on the extraction of Co(II),
UV–VIS absorption spectra were recorded for 0.25M CoCl2 with 1.0M
LiCl in 100% water, a mixture of 20 vol% water and 80 vol% EG and
100% EG. The spectra are shown in Fig. 8 along with photographs of
the solutions. In the EG solution, CoCl2 displayed a blue color which
indicates the existence of the [CoCl4]2− complex. The formation of the
[CoCl4]2− complex in EG was validated by the UV–VIS spectrum of the
blue solid line in Fig. 8. The three peaks in the 600–700 nm spectral
region are typical for the tetrahedral [CoCl4]2− complex [40]. With
addition of 20 vol% water, the color converted to pink with a slightly
bluish shade, while the intensity of the absorption bands of the
[CoCl4]2− complex largely decreased. When pure water was used, the
color of the solution was completely pink and the characteristic ab-
sorption bands of the [CoCl4]2− complex disappeared in the spectrum.
The color of the three CoCl2 solutions and their UV–VIS spectra show
that the [CoCl4]2− is more readily formed in the EG solution than in
water. This phenomenon explains why CoCl2 is extracted more eﬃ-
ciently by Aliquat 336 from the EG solution than from the aqueous
solution. The conversion of [Co(H2O)6]2+ to [CoCl4]2− is favored at
low water activity, similar to the extraction of Ni(II) from a methanolic
solution, as reported by Florence and Farrar [11]. The absorption band
at 515 nm in 100% water represents the octahedral [Co(H2O)6]2+
complex [41]. It shifted to 523 nm in 80 vol% EG solution and to
533 nm in 100% EG solution, indicating the involvement of EG in the
ﬁrst coordination sphere. A possible stoichiometry is [Co(H2O)x(EG)6-
x]2+.
3.4. Eﬀect of extractant concentration and kinetics
The eﬀect of the Aliquat 336 concentration on the extraction was
investigated (Fig. 9). As expected, the extraction of Co(II) increased
Fig. 6. Extraction of cobalt(II) from the aqueous solution (left) and the EG solution
(right). 5.0 g/L Co and 1.5 g/L Sm with 3.0 M LiCl in the water/EG phase.
Fig. 7. UV–VIS absorption spectra of the metal complexes extracted by Aliquat 336 from
the aqueous and the EG solutions.
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with increasing concentrations of Aliquat 336. When the Aliquat 336
concentration was 0.09M, the distribution ratio was 1.02 (51% ex-
traction). At 0.18M, the distribution ratio reached a value of 5.49 (85%
extraction). From 0.18M to 0.27M, the distribution ratio D jumped to a
value of 30.9. The jump in distribution ratio might be due to the fact
that 0.27M surpasses the stoichiometric ratio of Aliquat 336 to Co(II)
for 5.0 g/L Co(II) (0.085M) as is shown in eq. (4), i.e., the molarity of
Aliquat 336 concentration was more than two times higher than that of
Co(II). The small jump in distribution ratio may also be caused by ex-
perimental errors because the tested concentrations cover a wide range.
About 99% (D=94) of Co(II) was extracted at 0.45M, and up to 99.6%
(D=268) was extracted by 0.81M Aliquat 336. Extraction of Sm(III)
could not be detected because the concentration of Sm(III) in the less
polar phase was below the detection limit of TXRF. Therefore extraction
of Sm(III) is not shown in Fig. 9. Since Sm(III) is not extracted, a slope
analysis for Co(II) could be conducted (Fig. 9.b). Considering that there
is a jump in the distribution ratio between 0.18M and 0.27M, the slope
was ﬁtted separately and both lines gave slopes close to 2.0. When all
the data points were ﬁtted together, the slope was about 2.4, which is
still close to 2.0, meaning that two quaternary ammonium cations bind
to one [CoCl4]2− anion. The slope analysis is consistent with the ex-
traction mechanism proposed in eq. (4).
The extraction kinetics were measured for the two extraction sys-
tems (Fig. 10). Equilibrium was reached in 6 to 8min for the extraction
from the EG solution, which is quite fast. The extraction from the
aqueous solution was even faster and equilibrium was reached in 3min.
The slightly slower kinetics for the extraction involving EG is due to the
higher viscosity of the EG solution and hence a slower mass transfer.
3.5. Stripping
The loaded Aliquat 336 (0.75M in toluene) with about 5.0 g/L Co
(II) was stripped by pure EG with phase ratios of 1:1, 1:2, 1:3 and 1:4
(Fig. 11). The stripping percentage was 82.0% at a phase ratio of 1:1,
and increased to 92.9%, 96.0% and 97.5% when the phase ratio was
increased to 1:2, 1:3, and 1:4 respectively. When the loaded phase was
stripped twice by EG at a phase ratio 1:1, 98.4% of Co(II) was stripped.
Therefore, the loaded Co(II) can be eﬃciently stripped with pure EG.
The CoCl2 stripped to EG can be further precipitated to produce cobalt
salt, and it is also possible to directly get cobalt metal through elec-
trodeposition in EG [42,43]. After removal of CoCl2, the EG solvent can
be reused for stripping.
3.6. Separation of transition metals from rare earth elements
Further separations were tested for four pairs of transition metals
and rare-earth elements, with aqueous and EG feed solutions containing
1.0 g/L of each metal: Co(II)/Sm(III) (for recycling of metals from SmCo
magnets), Ni(II)/La(III) (for recycling of metals from nickel metal hy-
dride batteries), Fe(III)/Nd(III) (for recycling of metals from NdFeB
magnets) and Zn(II)/Eu(III) (relevant when europium is separated from
a mixture of rare earths by reduction of Eu(III) to Eu(II) by zinc powder
or zinc amalgam, followed by re-oxidation of Eu(II) to Eu(III) in an
extraction process to separate europium from yttrium) [22,44]. The less
polar phase was 1.0M Aliquat 336 in toluene pre-saturated with either
water or EG, the phase ratio was 1:1 for aqueous solvent extraction and
1.18:1 for extraction from EG solution (Figs. 12 and 13).
For the extraction from the aqueous solution (Fig. 12), Zn(II) had
the highest aﬃnity to Aliquat 336 and could be extracted up to 99.5%
Fig. 8. Top: Solutions of 0.25M CoCl2 and 1.0M LiCl in 100% water (left), 20 vol%
water+ 80 vol% EG (middle) and 100% EG (right); Bottom: Corresponding UV–VIS ab-
sorption spectra of the three solutions.
Fig. 9. Eﬀect of extractant concentration. More polar phase: 5.0 g/L Co and 1.5 g/L Sm
with 3.5M LiCl; Less polar phase: various concentrations of Aliquat 336 in toluene.
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without addition of LiCl. Fe(III) could also be extracted easily, with
46.4% and 99.3% extraction at 0M LiCl and 1.0M LiCl respectively,
complete extraction could be achieved at> 2.0M LiCl (99.7% extrac-
tion). Extraction of Co(II) increased with an increase in LiCl con-
centration and is similar to the result in Fig. 4. At 5.0 M LiCl, 99.0% of
Co(II) was extracted; at 6.0 M LiCl, 99.8% of Co(II) was extracted. Ex-
traction of Ni(II) was the least eﬃcient among the transition metals,
with only 28.0% extraction at 9.0 M LiCl. This result is consistent with
the study of Florence and Farrar which showed that about 20% Ni(II)
was extracted with Alamine 336 at 9.0M LiCl and quantitative ex-
traction of Ni(II) can be achieved with 13M LiCl [11]. Extraction of the
rare-earth elements increased with increasing LiCl concentration in a
similar manner and up to 69.9% La(III), 67.1% Nd(III), 79.5% Sm(III)
and 81.6% Eu(III) was extracted at 9.0 M LiCl. When the LiCl con-
centration is low, Zn(II) and Eu(III) can be separated potentially in a
single step, but the separation becomes more diﬃcult when the con-
centration of chlorides is higher, due to the salting-out of Eu(III). Se-
paration of Fe(III)/Nd(III) is more diﬃcult than that of Zn(II)/Eu(III)
and requires careful selection of chloride concentration and further
scrubbing of Nd(III) would be needed. Separation of Co(II)/Sm(III) is
even more diﬃcult as discussed in Section 3.1. Separation of Ni(II)/La
(III) is not feasible due to the poor aﬃnity of Aliquat 336 for Ni(II).
In contrast to the extraction from the aqueous solutions, the non-
aqueous extractions show signiﬁcant improvement for the separations
(Fig. 13). At any LiCl concentration investigated, the rare-earth ele-
ments were not extracted at all (the metal content in the less polar
phase was below the detection limit of TXRF). Both Zn(II) and Fe(III)
were extracted completely at all LiCl concentrations, indicating that
complete separation of Zn(II)/Eu(III) and Fe(III)/Nd(III) can be
achieved readily. Co(II) was extracted completely at 3.5M LiCl, under
which condition complete separation of Co(III)/Sm(III) could be
achieved. Extraction of Ni(II) slightly increased with increasing LiCl
concentrations, from 1.4% at 0M LiCl to 4.0% at 3.5M LiCl. Therefore,
it is diﬃcult to separate Ni(II) from La(III) using this extraction system,
but separation of Co(II) and Ni(II) is feasible. At 3.0M LiCl, 99.3% of Co
(II) was extracted, while only 3.3% Ni(II) was extracted. The separation
factor for Co(II)/Ni(II) was 3971. In the corresponding aqueous solvent
extraction system, 99.0% Co(II) was extracted at 5.0M LiCl while
Fig. 10. Kinetics of extraction from the EG solution: (a)more polar phase is 6.0 g/L Co and
1.8 g/L Sm with 3.5M LiCl; and from the aqueous solution (b) more polar phase is 6.0 g/L
Co and 1.8 g/L Sm with 5.0M LiCl. The less polar phase is 0.40M Aliquat 336 in toluene
pre-equilibrated with EG and water, respectively.
Fig. 11. Stripping of cobalt(II) chloride by EG at various phase ratios.
Fig. 12. Extraction of metals from aqueous solution as a function of the LiCl concentra-
tion. The less polar phase was 1.0M Aliquat 336 in toluene saturated with water, the
aqueous solution was 1.0 g/L of each metal with varying LiCl concentration.
Fig. 13. Extraction of metals from the EG solution as a function of the LiCl concentration.
The less polar phase was 1.0M Aliquat 336 in toluene saturated with EG, the more polar
phase was 1.0 g/L of each metal in EG with varying LiCl concentration.
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15.6% Ni(II) was co-extracted. The separation factor of Co(II)/Ni(II)
was 543 in this case, which is much smaller than that from the EG
system. In addition to good separations of Zn(II)/Eu(III), Fe(III)/Nd(III)
and Co(II)/Sm(III), the non-aqueous solvent extraction system invol-
ving EG is useful for the separation of Co(II) and Ni(II). The separation
of Ni(II)/La(II) will be further investigated in another solvent extraction
system.
Rare-earth elements could neither be extracted by Aliquat 336
through formation of an anionic complex with chloride ions, nor by the
salting-out eﬀect in polar organic solvents. Therefore, in principle, any
metal ion that can form an anionic complex with chloride ions can be
eﬀectively separated from the rare earths by non-aqueous solvent ex-
traction from EG solutions with Aliquat 336.
4. Conclusions
A non-aqueous solvent extraction system with the basic extractant
Aliquat 336 in toluene as the less polar phase and ethylene glycol (+
LiCl) as the more polar phase was developed for the separation of Co(II)
and Sm(III) as part of a recycling scheme for SmCo magnets. Co(II)
could be extracted more eﬃciently from the EG solution than from the
aqueous solutions. Sm(III) was not extracted at all from the EG solution,
while it could be extracted to a large extent from the aqueous solution.
As a result, Co(II) and Sm(III) could be separated completely in one
single solvent extraction step using the developed non-aqueous solvent
extraction system. In both the aqueous and the non-aqueous solvent
extraction systems, Co(II) was extracted as the [CoCl4]2- complex by an
anion exchange mechanism. Sm(III) was extracted by the salting-out
eﬀect of LiCl in the aqueous system, but it was not extracted in the non-
aqueous system because the salting-out eﬀect of LiCl is much weaker in
the EG solution. The salting-out eﬀect revealed and the non-aqueous
solvent extraction system developed in this study is transferrable to the
separations of the metals pairs of Zn(II)/Eu(III) and Fe(III)/Nd(III).
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